Built-in electric fields across heterojunctions between semiconducting materials underpin the functionality of modern device technologies. Heterojunctions between semiconductors and epitaxially grown crystalline oxides provide a rich setting in which built-in fields can be explored. Here, we present an electrical transport and hard X-ray photoelectron spectroscopy study of epitaxial SrNbxTi1-xO3-δ / Si heterojunctions. A non-monotonic anomaly in the sheet resistance is observed near room temperature, which is accompanied by a crossover in sign of the Hall resistance. The crossover is consistent with the formation of a hole gas in the Si and the presence of a built-in field. Hard X-ray photoelectron spectroscopy measurements reveal pronounced asymmetric features in both the SrNbxTi1-xO3-δ and Si core-level spectra that we show arise from built-in fields. The extended probe depth of hard X-ray photoelectron spectroscopy enables band bending across the SrNbxTi1-xO3-δ / Si heterojunction to be spatially mapped. Band alignment at the interface and surface depletion in SrNbxTi1-xO3-δ are implicated in the formation of the hole gas and built-in fields. Control of charge transfer and built-in electric fields across semiconductorcrystalline oxide interfaces opens a pathway to novel functional heterojunctions.
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Charge transfer and built-in electric fields across heterojunctions between semiconducting materials underpin the functionality of device technologies that have revolutionized information processing, communication and energy harvesting. The most notable example is the pn-junction, which exhibits a built-in field between p-and n-type semiconducting materials that is fundamental to the functionality of transistors, photovoltaic devices and light-emitting diodes [1] . Similarly, charge transfer and built-in fields across heterojunctions between doped and undoped III-V semiconductors give rise to 2-dimensional electron gases that have led to discoveries such as the fractional quantum Hall effect, and devices such as high electron mobility transistors [2] [3] .
Advancements in epitaxial growth now enable charge transfer and the formation of builtin electric fields to be explored across heterojunctions between crystalline oxides and semiconductors [4] . In general, semiconductor-crystalline oxide heterojunctions can exhibit functionalities beyond those of conventional semiconducting heterojunctions, given the complementary combination of covalent and ionic materials [5] . The atomically abrupt interfaces realized using oxide molecular beam epitaxy (MBE) enable the electric displacement between the oxide and semiconductor to be continuous [4] [6] . Thus far, continuity in the electric displacement between insulating dielectric oxides and semiconductors has been demonstrated, in which the surface potential of the latter can be modulated through electric fields applied through the former [4] [7] [8] [9] [10] . In some instances, electrically perfect interfaces that are virtually free of interfacial trap states have been realized [11] . In principle, such interfaces should also facilitate charge transfer between materials with itinerant carriers, which could give rise to built-in fields.
The development of such heterojunctions could address emerging challenges in energy harvesting and information technology [12] [13] . Examples include heterojunctions for photocatalysis that are efficient yet also chemically stable, or extreme high-density electron gases that also exhibit high mobilities at room temperature for use in plasmonic and photonic applications. Thus, elucidating mechanisms by which charge transfer and built-in fields form across semiconductorcrystalline oxide interfaces is of fundamental and technological importance.
Here, we report charge transfer and the formation of built-in fields across heterojunctions between silicon and SrNbxTi1-xO3-δ (SNTO). We find that this field is sufficiently large to induce the formation of a hole gas in the Si near room temperature for a range of Nb content x. The hole gas is manifested through a non-monotonic anomaly in the sheet resistance that is accompanied by a crossover in sign of the Hall resistance. Hard X-ray photoelectron spectroscopy (HAXPES) measurements reveal pronounced asymmetric features in the core-level spectra of both SNTO and Si that arise from built-in fields, as shown through modelling of the spectra. Time-of-flight secondary ion mass spectroscopy (ToF-SIMS) reveals a high concentration of oxygen impurities near the surface of the Si which enable depletion and inversion to occur. Charge transfer and builtin fields across heterojunctions between crystalline oxides and semiconductors provide another approach to electrically couple these two classes of materials and enable a new generation of functional heterojunctions.
The 12 nm thick epitaxial SNTO films were grown by oxide MBE on Czochralski-grown (001)-oriented Si substrates. The Nb content x was quantified ex situ using X-ray photoemission spectroscopy (XPS) after growth. Figure 1a oxygen impurities that can diffuse at elevated temperatures and become n-type donors [14] . As will be discussed below, we suspect these n-type donors enable depletion and the formation of a hole gas to occur.
Signatures of a hole gas forming in the Si are found in the sheet (Rs) and Hall (Rxy) resistances of the SNTO/Si heterojunctions. Table S1 ). We find that only the SNTO and hole-gas in the near surface region of the Si contribute to the conductivity, as fits to the Rxy data indicate that conductivity in the bulk of the Si substrate is negligible ( Figure   S1 ). Both the anomaly in Rs and crossover in the slope of Rxy are absent in the x = 0.60 sample.
An upper limit to nh can be placed in the x = 0.60 heterojunction, as fits to the Rxy data indicate that nh > 2 × 10 10 cm -2 is not supported by the data, as shown in Figure 2e .
The emergence of a high mobility hole-gas indicates the presence of a built-in electric field across the SNTO/Si interface. We look for signatures of built-in fields using HAXPES with ~ 6 keV excitation, for which the probe depth exceeds the film thickness, enabling electronic information to be obtained across the buried interface [16] . Evidence for built-in fields is also found in the unprecedented asymmetries seen in all heterojunction core-level spectra. For photoelectron peaks originating in the film, asymmetries to high binding energy are present that are not observed in the corresponding spectra of bulk crystals with x as high as 0.06, [17] or in films with x up to 0.10 grown on LSAT ( Figure S2 ). These asymmetries are indicated by arrows in Figure 3a , 3c -3e. An asymmetry to lower binding energy is observed for the Si 2p spectrum (Figure 3f ), which is reminiscent of an asymmetry that arises from a very thick Ti silicide layer [18] . However, STEM-HAADF imaging does not show any interfacial Ti silicide whatsoever (Figure 1b) . In our analysis below, we show that the asymmetric features in the SNTO and Si core-level spectra are consistent with built-in fields across the heterojunction, and that detailed information about the spatial variations of these fields can be extracted from these data.
In order to probe the possible connection between built-in electric fields and peak asymmetries, we model Si 2p and Ti 2p spectra for the x = 0 SNTO/Si heterojunction (i.e. SrTiO3-δ/Si) using sums of spectra measured for bulk reference samples that are minimally affected by chemical shifts, surface core-level shifts and band bending (see Figure 3g ). To make the Ti 2p fitting tractable, we fit the entire heterojunction spectrum and subtract all contributions due to all Ti valences except the dominant Ti 2p3/2 feature associated with Ti 4+ and its asymmetry to higher binding energy (see Figure 3b) . The fact that the asymmetry is not seen in Ti 2p spectra measured for 12 nm thick, x = 0 and x = 0.10 SNTO films grown under identical conditions on LSAT(001) ( Figure S2 ), indicates the asymmetry is inconsistent with shake up [19] . The modelling is done by assigning the appropriate reference spectrum to each layer within the probe depth of the heterojunction. The intensities of all spectra are attenuated according to their respective depths below the surface (z) using an inelastic damping factor of the form exp(-z/), in which  is the effective attenuation length, estimated to be  ~ 7 nm in Si and ~ 6 nm in SrTiO3 [16] . A built-in electric field, i.e., a gradient in the potential, will shift the binding energies of each layer relative to one another, as illustrated schematically in Figure 3h . We then fit the heterojunction spectra to sums of reference spectra over all layers by optimizing the layer-resolved binding energies.
The fitting starts by assigning randomly generated binding energies to all layers [16] . These energies are sorted and re-assigned to the layers so the binding energy at maximum intensity, The bands on the SNTO x = 0 side of the heterojunction also bend upward moving away from the interface, but with a somewhat smaller gradient (0.061 eV/Å) compared to the Si side (0.15 eV/Å). Continuity in the electric displacement across the interface requires that ϵSiESi = ϵSNTOESNTO, in which ϵSi (ϵSNTO) and ESi (ESNTO) are the dielectric constant and electric field in Si (SNTO), respectively. Taking ϵSi ~ 11.9, we find that the electric displacement would be continuous for ϵSNTO ~ 30, which is consistent with typical reported values of the dielectric constant of SrTiO3 thin films on Si [4] . We suspect the temperature dependence of ϵSNTO(T), namely its decrease with increasing temperature [20] , plays a role in the temperature dependence of the formation of the hole gas. Continuity in the electric displacement would require that a decrease in ϵSNTO(T) result in an increase in Esi, which would be consistent with the enhancement of nh that we observe.
The HAXPES, transport and ToF-SIMS measurements reveal the interplay between two key phenomena that give rise to the hole gas and built-in fields, namely, a type-III band alignment at the interface and surface depletion in the SNTO. conduction band, creating a hole gas in the former. We note that our analysis indicates that doping can alter band alignments at semiconductor-crystalline oxide interfaces, as prior studies of undoped SrTiO3 on Si revealed a type-II band alignment [21] .
Fits to the HAXPES spectra also reveal upward band bending near the surface of x = 0 SNTO consistent with surface depletion (Figure 4c ), which is known to be pronounced in doped SrTiO3 films [22] . The field induced by surface depletion propagates towards the interface and appears to be coupled to the field associated with the hole gas in the Si. If the fields associated with surface depletion and hole gas are coupled, we would expect that increasing either the thickness or carrier density of the SNTO layer would weaken the coupling, leading to a decrease in nh [22] . Indeed, transport measurements corroborate this picture, as we find that nh decreases or disappears with increasing thickness or carrier density of the SNTO layer. Figures S3a, and S3b
show the Rs and Rxy data, respectively, for a x = 0.20 heterojunction that is 20 nm thick, i.e., 8 nm thicker than the corresponding 12 nm thick x = 0. 20 sample considered above (Figures 2a and 2d ).
Fits to the Rxy data indicate that the maximum in nh with temperature becomes nearly a factor of 10 smaller with increased thickness, as shown in Figure S3c . Similarly, the hole gas is absent in the x = 0.60 heterojunction (Figure 2e ), which has the highest carrier density of the SNTO layers.
While the HAXPES and transport measurements implicate surface depletion and band offset in forming the built-in fields and the hole gas, other mechanisms may also contribute to the field profile in the SNTO. In particular, the density of oxygen vacancies may be enhanced near the interface for our particular growth procedure, which involved an initial anneal in ultra-high vacuum to crystalize SrTiO3 (see Experimental Section).
In summary, we have demonstrated charge transfer and the formation of built-in electric fields across a heterojunction between Si and a crystalline oxide, using the carrier density in the latter as a tuning parameter. Electrical transport measurements indicate the formation of a hole gas in Si, while HAXPES enables band bending across the heterojunction to be spatially mapped. We note that techniques of band-gap engineering have recently been adapted to control bandalignments at semiconductor-crystalline oxide interfaces [8] . Control of carrier density and band alignment could enable charge transfer and built-in fields to be engineered across semiconductorcrystalline oxide heterojunctions, akin to III-V semiconductor heterojunctions. Semiconductoroxide heterojunctions could uniquely address emerging challenges in energy harvesting and information technology, given the complementary combination of ionic and covalent materials.
Experimental Section
Epitaxial SNTO films were grown on (100)-oriented, nominally undoped, 2" diameter 300 µm thick Si wafers (Virginia Semiconductor) using reactive MBE in a custom-built chamber operating at a base pressure of < 3 × 10 −10 Torr. To remove residual organics from the surface, the wafers were introduced into the MBE chamber and cleaned by exposing to activated oxygen generated by a radio frequency source (VEECO) operated at ~ 250 W. XPS measurements were performed at PNNL in the normal emission geometry using a Scienta Omicron R3000 analyzer and a monochromatic AlK x-ray source (h = 1487 eV) with an energy resolution of ~0.5 eV.
[23] The binding energy scale was calibrated using the Ag 3d5/2 core level (368.21 eV) and the Fermi level from a polycrystalline Ag foil. 
Si ( . Also, note the asymmetric features observed in the core-level spectra from the heterojunctions (arrows) that are not present in the spectra of bulk substrates. (g) Reference Si 2p and Ti 2p3/2 spectra (data points) for Si(001) and 1 at. % Nb-doped STO(001) bulk single crystals, respectively. Also shown are fits to Voigt functions and the associated deconvolutions into Gaussians and Lorentzians. The excellent fits to these symmetric functions, along with the good agreement between the Lorentzian/Gaussian widths and known core-hole lifetime/experimental broadening reveals that these spectra are influenced by band bending and surface core-level shifts to a minimal extent, if at all. These spectra are thus useful for assignment to each Si or SNTO layer in the heterojunction for the purpose of extracting the band-bending induced potential profiles. (h) Schematic illustrating the method used to fit corelevel spectra from the heterojunctions. A near-flat-band reference spectrum is assigned to each layer and each is attenuated in amplitude according to its depth. The binding energy of each spectrum is allowed to vary, representing the influence of a built-in electric field. Overlays of the sums of all spectra shown in (a) to the experimental heterojunction spectra (circles). The asymmetry to low (high) binding energy in the Si 2p (Ti2p3/2) spectrum is interpreted as being due to the presence of large electric fields on the Si (x = 0 SNTO) side of the interface. (c) Band edge profiles for the x = 0 SNTO/Si heterojunction taken from the fits shown in (a). The conduction band edge profiles are simply the valence band edge profiles less the band gap for the appropriate material. The valence band edges were taken from the Si 2p and Ti 2p3/2 binding energy profiles corrected for the energy differences between these cores and the valence band maxima in pure reference materials.
